Both magnetic relaxometry and magnetic resonance imaging (MRI) can be used to detect and locate targeted magnetic nanoparticles, noninvasively and without ionizing radiation. Magnetic relaxometry offers advantages in terms of its specificity (only nanoparticles are detected) and the linear dependence of the relaxometry signal on the number of nanoparticles present. In this study, detection of single-core iron oxide nanoparticles by superconducting quantum interference device (SQUID)-detected magnetic relaxometry and standard 4.7 T MRI are compared. The nanoparticles were conjugated to a Her2 monoclonal antibody and targeted to Her2-expressing MCF7/Her2-18 (breast cancer cells); binding of the nanoparticles to the cells was assessed by magnetic relaxometry and iron assay. The same nanoparticlelabeled cells, serially diluted, were used to assess the detection limits and MR relaxivities. The detection limit of magnetic relaxometry was 125 000 nanoparticle-labeled cells at 3 cm from the SQUID sensors. T 2 -weighted MRI yielded a detection limit of 15 600 cells in a 150 ml volume, with r 1 = 1.1 mM À1 s À1 and r 2 = 166 mM À1 s
INTRODUCTION
Although mammography has been successful at detecting breast cancer earlier and reducing breast cancer deaths (1), the ability of mammography to distinguish between benign and malignant lesions remains limited (2) . Further, imaging the breasts of women with radiographically dense breast tissue, itself a risk factor for breast cancer, is a particular challenge owing to the reduced X-ray contrast between malignant and normal radio-dense tissue (3) . Thus, new breast cancer detection methods that are more specific and independent of radiographic density would be particularly beneficial. Although the detection of targeted radioisotopes by PET or SPECT is both sensitive and specific, nuclear medicine techniques are not ideal for screening or repeated imaging of the same patient (for example, to monitor the course of therapy) owing to the cancer risk associated with the radiation dose (4) . The use of imaging methods that avoid ionizing radiation, such as ultrasound and gadoliniumenhanced MRI, is becoming increasingly common in clinical breast imaging (5) . Here we investigate the potential for detecting breast cancer using targeted iron oxide nanoparticles and magnetic relaxometry, a novel imaging modality. Iron oxide particles with biocompatible coatings have low toxicity (6) , tissue is transparent to low-frequency (<kHz) magnetic fields, and the magnetic nanoparticles may also serve as therapeutic agents, for example, as drug carriers or mediators of localized hyperthermia (7) . Methods for detecting magnetic nanoparticles include magnetic resonance imaging (MRI) (8, 9) , magnetic relaxometry (10-12), magnetic particle imaging (MPI) (13, 14) and electron paramagnetic resonance (EPR) (15, 16) .
As an MRI contrast agent, magnetic nanoparticles are detected indirectly owing to their influence on the relaxation rates of proton nuclear spins, which are an abundant signal source owing to the high water content of soft tissue. Magnetic relaxometry, on the other hand, directly measures the magnetization of the nanoparticles themselves. To detect magnetic particles by magnetic relaxometry, the sample is exposed to a short DC magnetic field pulse (of order 50 G with a duration of order 1 s), which aligns the magnetic moments of the nanoparticles. After the field pulse is turned off, the relaxation (i.e. decay) of the net magnetization is detected using sensitive magnetic field sensors, such as superconducting quantum interference devices (SQUIDs). Other magnetic field detectors, such as atomic magnetometers (17) or fluxgate magnetometers (18, 19) may also be used, although low-T c SQUIDs currently have the highest sensitivity.
Magnetic relaxometry of nanoparticles for biomedical applications is a rapidly growing area of research, with recent work aimed at both in vitro bioassay (19, 20) and in vivo applications (11, (21) (22) (23) (24) .
A particular strength of magnetic relaxometry is that the relaxation rates of bound and unbound particles differ, typically by several orders of magnitude, enabling the binding of ligandtargeted particles to their receptors to be specifically detected and quantified (20, 25, 26) .
The long-term goal of the work presented here is in vivo detection and imaging of breast cancer by magnetic relaxometry, after systemic delivery of targeted nanoparticles to the patient. Achieving this goal will require continued optimization of both the nanoparticles (magnetic properties and biodistribution) and the detection method (hardware and imaging protocols). This study aims to address the latter, namely magnetic relaxometry detection and imaging performance. In the work presented here, our goal is to assess the sensitivity and imaging capability of a prototype SQUID magnetic relaxometry system, relative to standard 4.7 T MRI, for detecting and imaging magnetic nanoparticles. The sensitivity comparison was performed using in vitro samples, consisting of Her2 antibody-conjugated magnetic particles targeted to a Her2-expressing human cancer cell line (MCF7/Her2-18) embedded in an MR-visible medium. This cell line was chosen based on a previous study (24) demonstrating Her2-dependent binding of these nanoparticles to various in vitro tumor cell lines and ex vivo tumor tissue. To compare imaging by magnetic relaxometry and MRI, and demonstrate image co-registration, images of mice bearing MCF7/Her2-18 xenograft tumors were obtained after intratumoral injection of Her-2 antibody-conjugated nanoparticles.
RESULTS

Nanoparticle characterization
Size analysis (Fig. 1 ) of transmission electron microscopy images (Fig. 1 inset) of the SHP-20 nanoparticles indicates low size polydispersity, with a mean core diameter of 22 nm and a standard deviation of 2.3 nm. The low size polydispersity is important for the sensitivity of the magnetic relaxometry measurement, because the characteristic relaxation time of bound nanoparticles depends exponentially on the magnetic core volume (27) . The Néel relaxation time is given by
where t 0 is customarily taken to be 10 À10 s, K is the anisotropy energy density of the magnetic material (1.35 Â 10 4 J T À1 for bulk magnetite), V is the volume of the magnetic core, k is Boltzmann's constant, and T is the absolute temperature. Only particles whose core diameter falls in a narrow size range, theoretically 24 AE 1 nm for magnetite, exhibit the appropriate relaxation time (on the order of 1 s) for detection by magnetic relaxometry according to eqn (1) . Figure 1 shows that the mean diameter of the Ocean SHP-20 particles is slightly smaller than ideal, but the nanoparticle size distribution has significant intensity in the ideal size range, resulting in a detectable relaxometry signal.
After conjugation of the SHP-20 nanoparticles to anti-Her2 antibodies, the particles were immobilized (by drying on a cotton swab) for magnetic characterization. . Given a 5% uncertainty in the mass of nanoparticles in the sample, the saturation magnetization obtained agrees with the bulk value for magnetite (92 J T À1 kg
À1
) within the experimental uncertainty. The high saturation magnetization suggests that the material is highly ordered, which is also supported by the observation of slight faceting of the particles (see transmission electron microscopy inset, Fig. 1 ), suggestive of high crystallinity. Figure 2 (B) shows the frequency response of the nanoparticles at temperatures ranging from body temperature (310 K) down to 273 K, measured by AC susceptometry. The relaxation times detectable by relaxometry (tens of milliseconds up to several seconds, as shown in Fig. 3 below) correspond to frequencies in the range of approximately 0.1-3 Hz. Ideally, the AC response would be a maximum in that frequency range at the temperature of the application. In this case, because the average nanoparticle size is slightly too small, the average particle has a relaxation rate that is too high, resulting in a maximum AC response at higher frequencies (1 kHz at body temperature). These data show that the AC loss in the 0.1-3 Hz range, which correlates with the relaxometry signal strength (28) , is fairly strong and somewhat temperature-dependent. Slightly larger particles with even lower polydispersity would place the AC loss peak in the ideal frequency range, resulting in an even higher detected relaxometry signal. Figure 3 shows a schematic of the magnetic relaxometry experiment (Fig. 3A) , as well as representative signals for bound and unbound magnetic nanoparticles (Fig. 3B ). As shown in Fig. 3(A) , the nanoparticles are exposed to a brief magnetizing pulse, and then, after a 40 ms settling time, the SQUID sensors may be turned on to record the decaying magnetization. In Fig. 3(B) , Her2-conjugated SHP-20 nanoparticles were measured by relaxometry in a cell-free solution (gray symbols), and the same quantity of particles was measured after incubation in a solution containing Her2+ breast cancer cells (black symbols). A microscope image of the nanoparticle-labeled cells is shown in Fig. 3(C) , with Prussian Blue stain used to show the presence of iron. In this case, the relaxation of unbound particles is dominated by Brownian rotation (29) of the particle with respect to the medium. The Brownian time constants for nanoparticles of this size (<100 nm) are <1 ms, much shorter than the 40 ms settling time, such that their relaxation is not detected. By contrast, a strong signal is detected after the nanoparticles bind to the cells via antibodyantigen interactions, which quenches Brownian relaxation. The immobilized particles decay by the Néel mechanism (27) , involving rotation of the electronic magnetic moment in the absence of physical rotation, which is slower for sufficiently large particles, resulting in a detectable decay, as shown in Fig. 3(B) . Previously we have shown, using a range of cell lines, that the magnitude of the relaxometry signal from Her2-conjugated nanoparticles depends on the level of Her-2 expression, as expected (24) .
In vitro detection by magnetic relaxometry and MRI
The very small relaxometry signal detected from the cell-free solution likely arises from nanoparticle agglomerates. Because the Brownian relaxation time is linear in the hydrodynamic volume (29) , agglomerates of sufficient size (of order 1 mm or larger) will exhibit Brownian relaxation times detectable by our method. Some agglomerates of this size are visible in Fig. 3(C) . The small amplitude of the relaxometry signal from the cell-free solution (relative to the signal amplitude from the cell sample) suggests that only a small fraction of the nanoparticles in the cell-free sample formed large agglomerates. In Fig. 3(B) , the cell-free solution consisted of phosphate buffered saline (PBS) with 0.5% fetal bovine serum (FBS), which contains only monovalent cations. Previously, we demonstrated a similarly low level of agglomeration of the same nanoparticle preparation suspended in RPMI-1640 media, which contains divalent cations (Ca and Mg) (24) . Together, these results suggest that the colloidal stability of this nanoparticle preparation is not adversely affected by the presence of divalent cations, which is an important consideration for in vivo use. Figure 3 ). The moment detected experimentally by relaxometry is therefore only a few percent of the theoretical value, indicating that the majority of particles have Néel relaxation times that are much shorter or much longer than 1 s and are not detected within the acquisition window of our measurement (40 ms to 2.215 s after the magnetizing pulse). Although the nanoparticles used in this study are relatively uniform in size, further reductions in the nanoparticle polydispersity could yield an order of magnitude improvement in the sensitivity of the relaxometry method. 
À1
) and different TE values (for T 2
) and fitting the TR-or TE-dependence of the signal intensities. The error bars represent the uncertainty in the fitted values computed by the fitting algorithm. Sample 'a' from Fig. 4 (C) was excluded from the analysis, because it was not possible to set TE short enough to obtain adequate signal-to-noise. The change in the transverse relaxation rate owing to a MRI contrast agent is given by
where T 2 is the transverse relaxation time in the presence of the nanoparticles, T 2 ′ is the transverse relaxation time in the absence of the nanoparticles, r 2 is the transverse relaxivity of the nanoparticles (mM À1 s
), and C is the iron concentration (mM). Thus, a plot of 1/T 2 vs C, as shown in Fig. 4 (B), has a slope equal to r 2 and a y-intercept equal to 1/T 2 ′. The longitudinal relaxivity r 1 is defined similarly, by substituting a 1 for each of the subscripts in eqn (2) . As seen from the linear fits in Fig. 4 (A and B), the background relaxation times (T 1 ′ and T 2 ′) for the agarose gel in the absence of nanoparticles were found to be 0.90 s and 43 ms, respectively. We obtained relaxivities r 1 = 1.1 mM À1 s À1 and r 2 = 166 mM À1 s
, yielding an r 2 /r 1 ratio of 150. A typical r 2 value for small iron oxide nanoparticles (diameter < 50 nm) is of order 100 mM À1 s À1 (30) (31) (32) . Figure 4 (C) shows a T 2 -weighted MR image of the magnetically labeled cell samples (a-f) and a nanoparticle-free sample (center). In T 2 -weighted MR imaging, the signal intensity in each voxel is given by
where S 0 is proportional to both the spin density and T 1 -weighting factor in the voxel, and TE is the echo time (28 ms, in this case).
Relative contrast, which is plotted as a function of cell number in Fig. 4 (D), is calculated as
where S and S′ are the signal intensities of a magnetically labeled cell sample and a nanoparticle-free sample, respectively. The solid symbols in Fig. 4 (D) were computed using eqn (4), with S values measured directly from the image data (Fig. 4C ), using ImageJ. S was taken to be the mean value of a circular region of interest (ROI) centered on each tube, with the error bars determined from the standard deviation of each ROI. The solid line in Fig. 4 (D) was calculated (without any free parameters) using eqn (4), by calculating the S and S′ values from eqns (2) and (3), using the relaxivities and background relaxation rates obtained from Fig. 4(A and B) . The relative MR contrast is useful for quantifying the iron concentration in the range where contrast varies significantly with concentration, in this case (using TE = 28 ms) for concentrations up to~0.35 mM, corresponding to about 250 000 labeled cells. Although TE can be shortened to some extent to permit the determination of higher iron concentrations, TE values < 5 ms are not typically accessible, which places an upper limit on the iron concentration that can be accurately assessed.
The magnetic moments of samples containing between 1.6 Â 10 4 and 2.0 Â 10 6 cells, prepared in triplicate, were measured by magnetic relaxometry. (One of these three sets of samples was used to obtain the data in Fig. 4 .) The relaxometry results are presented in Fig. 5 , where each data point is the mean of three measurements (one measurement from each of three samples prepared at a given concentration), and the error bars represent the standard deviation of the three measurements. The measurement of the lowest concentration sample (1.56 Â 10 4 cells) was excluded from the plot, owing to unacceptably high uncertainty in the dipole fit. The data in Fig. 5 demonstrate the linearity of the relaxometry-detected signal. Note that the MR contrast was nearly saturated at 250 000 cells; for the samples containing 1 million and 2 million labeled cells, accurate magnetic resonance T 1 and T 2 values could not be obtained (T 2 was too short compared with the shortest TE available), so the MR results from those samples were not included in the data presented in Fig. 4 . Figure 5 also indicates that magnetic relaxometry detection limit is currentlỹ 125 000 MCF7/Her2-18 cells, at a distance of 3 cm from the sensors, using 10 signal averages. We note that the detection limit depends on the source-to-sensor distance, because the strength of the magnetic field from a dipole source is proportional to the inverse cube of the distance. In Fig. 4 , sample f, which contains 15 600 cells, showed a detectable change in T 2 contrast. Thus, at present, 4.7 T MRI has approximately an order of magnitude higher sensitivity for detecting the SHP-20 nanoparticles compared with SQUID-detected magnetic relaxometry.
Comparison of magnetic relaxometry imaging and MRI
To demonstrate imaging, MCF7/Her2-18 xenograft tumors (two per animal) were grown on the flanks of nude mice. Because magnetic relaxometry is sensitive only to immobilized nanoparticles, Her2-targeted magnetic nanoparticles were injected directly into the tumors to bind the particles to the tumor cells through antibody-antigen interactions. The intent of this experiment was to provide magnetic sources of an appropriate order of magnitude for demonstrating magnetic relaxometry imaging, based on the results of the in vitro sensitivity measurements presented above. Although physical trapping after intratumoral injection (e.g. owing to clotting proteins in the needle track) can lead to some degree of nanoparticle immobilization, we have previously demonstrated that the magnetic relaxometry signal obtained with Her2-conjugated nanoparticles is significantly greater than the signal obtained from unconjugated nanoparticles, after intratumoral injection into ex vivo MCF7/Her2-18 xenografts (24) . Figure 6 shows the results of magnetic relaxometry imaging and MRI obtained (post-mortem) from a mouse with two xenograft MCF7/Her2-18 tumors, as shown in the photograph (Fig. 6A) . Each tumor was injected post-mortem with Her2-conjugated magnetic nanoparticles (0.09 mg [Fe] per tumor) to ensure a known quantity of nanoparticles would be present in the tumors. In the T 2 -weighted MR image (Fig. 6B) , the positions of the xenograft tumors are visible as large signal voids. The magnetic relaxometry image (Fig. 6C) shows the locations of only the two magnetic sources. To obtain the magnetic relaxometry image, two measurements were performed at each of five sample positions (with 10 signal averages per position to improve signal-to-noise), resulting in a total data acquisition time of 5 min. By comparison, the total MR imaging time was 12.8 min. The relaxometry data were then fit using a dipole model, as described in the Experimental section, to simultaneously determine the number of magnetic sources and the strength and position of each source. The fit indicated the presence of two magnetic dipole sources; the fit parameters are summarized in Table 1 . The sizes of the false color regions in Fig. 6(C) represent the 68% confidence intervals (i.e. AE1 standard deviation) in the determination of the x and y coordinates.
The images in Fig. 6 were obtained post-mortem to ensure that the position of the mouse and the concentration of nanoparticles in the tumors did not change during transfer between the two imaging systems. Co-registration of the magnetic relaxometry and MR images (Fig. 6D) Table 1 . Fit parameters for the relaxometry image in Fig. 6 . The uncertainties are the 68% confidence intervals in each parameter from the relaxometry data (see Table 1 ), as the MR contrast is saturated. Figure 7 shows images acquired in vivo of a mouse with two xenograft tumors, which were injected with Her2-conjugated magnetic nanoparticles. In the in vivo case, the nanoparticles were not completely retained in the tumors after injection. At necropsy, it was observed that both tumors contained large central blood vessels, and the right tumor, in particular, showed significant necrosis at the center by histology. The necrosis and unusually large vessels are evidently the reason for nonuniform contrast observed in the tumor centers in the pre-contrast in vivo MRI (Fig. 7A) . Figure 7 (A), obtained before injecting the nanoparticles, demonstrates that nonuniform MR contrast (which is similar in appearance to the contrast expected from nanoparticles) can arise from endogenous causes; this underscores the need for both pre-and post-contrast MRI to properly identify the contrast arising from the magnetic particles. The postcontrast MRI (Fig. 7B) shows larger signal voids in the tumors, owing to the injected nanoparticles (indicated by the blue and green dashed ovals), as well as a decrease in the signal intensity of the liver (indicated by the red dashed oval) compared with the pre-contrast image. Evidently nanoparticles entered the bloodstream, via the tumor vasculature, and were then sequestered in the liver. This was confirmed by in vivo magnetic relaxometry imaging (Fig. 7C ) performed 1 h after the completion of the MRI study. The magnetic relaxometry imaging revealed three sources, corresponding to the positions of the tumors and the liver. The magnetic moment detected at the position of the liver suggests that roughly one-quarter of the injected nanoparticles reached the liver (Table 2 ). Table 2 ). D, Co-registered magnetic relaxometry and post-contrast MRI (reverse gray scale). The MRI (3.84 cm FOV) was scaled to the appropriate size, and rotated and translated to put X = 0 along the spine and Y= 0 on a line bisecting the tumors. Table 2 . Fit parameters for the relaxometry image in Fig. 7 . The uncertainties are the 68% confidence intervals in each parameter Compared with the post-mortem (295 K) relaxometry imaging results (Fig. 6C, Table 1 ), the in vivo (310 K) relaxometry data (Fig. 7C, Table 2 ) show higher uncertainty in the tumor positions and the magnetic moments, owing to the reduced signalto-noise (SNR) of each source. Both the loss of particles to the liver and the temperature-dependence of the relaxometry signal (see Fig. 2B ) contribute to the reduced SNR. Nevertheless, the relaxometry image correctly identifies the number of magnetic sources, and the positions are in reasonable agreement with the nanoparticle locations identified by MRI.
To complement the in vivo relaxometry imaging results, the magnetic moments of the tumors and liver were measured post-mortem, by excising the individual tissues and measuring the relaxometry-detected magnetic moment of each tissue at room temperature (295 K) and at body temperature (310 K) using a nonmagnetic heating pad. As shown in Fig. 8 , the precision of the post-mortem measurements is significantly improved compared with the in vivo imaging measurement, and the postmortem measurements confirm that the detected moment decreases at 310 K (relative to 295 K), as expected based on Fig. 2B . The higher precision of the post-mortem quantification can be attributed to two factors: (1) the excised tissue was positioned closer to the SQUID sensor array, resulting in a larger magnetic field at the sensors; and (2) a simpler (single dipole source) model was sufficient to analyze the data.
The magnetic moments measured by relaxometry are converted to iron content by dividing the measured magnetic moment by the relaxometry-detected moment per kilogram [Fe] determined from a calibration sample (at the same temperature). In this study, the magnetic moment for 2 million cells was measured by relaxometry at room temperature, and the iron content was determined by iron assay, as described above, resulting in a calibration factor of 2.9 J T À1 kg À1 [Fe] . The post-mortem magnetic moments of the excised tissues (measured at room temperature) therefore correspond to 12, 25 and 24 mg [Fe] for the left tumor, right tumor and liver, respectively. Thus, magnetic relaxometry is a potentially useful laboratory tool for magnetic nanoparticle development, capable of quantitatively assessing nanoparticle biodistribution in animal models.
DISCUSSION
In MRI, the presence of magnetic nanoparticles is detected owing to a change in 1 H NMR relaxation rates (1/T 1 and 1/T 2 ), which alters the image contrast in the vicinity of the nanoparticles. If the change in image intensity is similar to the endogenous intensity variation in the tissue of interest, then both a pre-contrast and a post-contrast image are required to locate contrast arising specifically from nanoparticles. Co-registration of pre-and postcontrast images may be difficult if the subject is conscious and there is a delay between images. Although the background anatomy is depicted with good contrast and high resolution in MRI, it may interfere with the identification of magnetically labeled cancer cells.
By contrast, SQUID detectors are directly sensitive to the relaxing magnetic fields of the nanoparticles themselves, and further, only bound nanoparticles have the appropriate relaxation time to be detected. Thus, the background is virtually zero, as there are no endogenous sources of magnetism in the body with the same temporal characteristics as bound magnetic nanoparticles. The lack of endogenous background and the lack of background from unbound particles are expected to greatly simplify the interpretation of detected signals, eliminating the need for a pre-contrast image.
Although SQUID-relaxometry cannot depict background anatomy, relaxometry may be readily integrated with SQUID-detected ultra-low-field MRI (ULF-MRI) (33, 34) for accurate co-registry with anatomy. In an integrated system, the relaxometry and ULF-MRI could be acquired in one imaging session (i.e. one patient position) using the same SQUID sensor array for relaxometry and MRI, such that co-registration would be automatic. Such a system would be analogous to systems used in acquiring co-registered PET and CT images, where PET imaging provides specificity by showing the location of the uptake of a specific radioactive tracer, and CT is used to depict the background anatomy.
A significant advantage of magnetic relaxometry is the ability to quantify bound magnetic nanoparticles, because the detected moment is linear in the number of nanoparticles. In comparison, MRI contrast is nonlinear and saturates at concentrations greater than~1 mM [Fe] . Although T 2 -imaging (as opposed to T 2 -weighted imaging) is time-consuming, it would theoretically provide a more accurate measure of iron concentration; however, in clinical MRI it is not possible to make the echo time TE short enough (<<5 ms) to enable accurate T 2 imaging in voxels where the iron concentration exceeds~1 mM [Fe] . On the other hand, the relaxometry signal is linear in the number of nanoparticles and does not depend on their concentration. Therefore, relaxometry may be better suited for therapeutic monitoring applications where fast and accurate measurement of a high concentration of magnetic nanoparticles is required. For example, in magnetic fluid hyperthermia therapy, the iron concentration of the nanoparticle solution injected into the tumors can be as high as 2 M (35, 36) , more than an order of magnitude greater than the concentration injected in the tumors in this study. In terms of guiding magnetic fluid hyperthermia, the current spatial resolution of our prototype SQUID system (spatial accuracy~1 mm, resolution of distinct sources~5 mm, for strong sources) is more than adequate to enable proper positioning of the coil used to generate the alternating magnetic fields used to heat the nanoparticles. Although the sensitivity of the prototype SQUID system is currently lower than MRI for detecting the particles used here, the sensitivity of SQUID-detected relaxometry can be significantly increased through improvements in both the hardware and the nanoparticle properties. For example, the addition of radiofrequency shielding and vibration isolation is expected to reduce noise, owing to RF interference and motion of the sensors in the Earth's field, by at least one order of magnitude at 1 Hz (37). Optimizing the average nanoparticle size and reducing the size polydispersity can theoretically increase the detected moment per kg of magnetic material by more than an order of magnitude (28) . Furthermore, larger SQUID sensor arrays, already available commercially, will decrease the measurement time further while increasing localization accuracy.
CONCLUSIONS
In summary, MRI is currently more sensitive for detecting the Her2-conjugated magnetic nanoparticles used in this study; however, MRI is less specific, because nonuniform contrast may also arise owing to endogenous factors. In addition to being more specific for detecting magnetic particles, SQUID-detected magnetic relaxometry enables accurate quantification over a wider range of nanoparticle concentrations compared with MRI. Relative to MRI, SQUID-detected magnetic relaxometry is faster to perform, and the costs associated with the hardware and siting are expected to be much lower. Magnetic relaxometry could be readily combined, on the same platform, with ULF-MRI for depicting anatomy, in a similar manner to combining PET and CT. We expect that realistically achievable improvements in the detection system and the nanoparticles will result in an increase in our sensitivity of two orders of magnitude or more, such that the sensitivity of SQUID-detected magnetic relaxometry will eventually exceed that of MRI for the detection of magnetic nanoparticles targeted to breast cancer and other diseases.
EXPERIMENTAL
Nanoparticles and antibody conjugation
SHP nanoparticles (Ocean Nanotech; Springdale, AR, USA) are singlecore magnetite particles, coated with a thin (~3-4 nm thick) layer of polymer and functionalized with carboxyl groups to enable conjugation to antibodies. Ocean SHP-20 lot 8-30A was used for all experiments. The iron concentration (mg [Fe] ml À1 ) of the stock solution was determined to be 4.2 mg ml À1 by dissolving in acid, forming the phenanthroline/Fe 2+ complex, and quantifying the concentration of a known dilution spectrophotometrically (38) . The phenanthroline assay was also used to determine the iron content of nanoparticle-labeled cell preparations.
The carboxyl-functionalized nanoparticles were conjugated to anti-Her2/neu antibody by the carbodiimide method according to a protocol described previously (21) with the exception of centrifugation speed, which was increased to 7500 g to account for the use of smaller nanoparticles. Briefly, 10 mg [Fe] of nanoparticles were conjugated to 50 mg of Her-2/neu antibody (Bender MedSystems; Burlingame, CA, USA), then washed twice and resuspended in 800 ml double-distilled water to which 200 ml PBS (Gibco-BRL; Rockville, MD, USA) with 0.5% FBS (HyClone; Logan, UT, USA) was added. Conjugated nanoparticles were stored at 4 C for up to 20 weeks with no loss of stability.
TEM and image analysis
The nanoparticles were imaged by transmission electron microscopy using a Tecnai G 2 F30 at 300 kV (FEI Corporation; Hillsboro, OR, USA). Size distributions were determined from the TEM images using ImageJ (public domain software, National Institutes of Health; Bethesda, MD, USA). Briefly, the Feret diameter (defined as the maximum caliper diameter) was measured from a sample of 2100 particles selected from multiple TEM images. Particles in contact with the edge of an image were automatically excluded, and overlapping particles were manually excluded from the size analysis.
SQUID susceptometry
DC and AC magnetic characterizations were performed using an MPMS-7 SQUID magnetometer system (Quantum Design; San Diego, CA, USA). DC magnetization curves were acquired by equilibrating the sample at the measurement temperature in zero field, then incrementally increasing the field and pausing 100 s at each field before measurement. Five sequential measurements were taken at each field, a mean of those measurements calculated, and the three values with the lowest deviation from the mean were averaged and reported as the moment. Zero field cooled curves were determined by cooling the sample in the absence of a magnetic field to 5 K, then slowly warming in a 1 mT field. After thermally equilibrating at a target temperature, a series of five measurements was taken and the values processed as described to obtain the magnetization value. AC susceptibility curves were obtained by applying a 0.2 mT (159 A m
À1
) AC magnetic field at various frequencies (f = 0.1-1000 Hz) to a thermally equilibrated sample. The in-phase (w′) and out-of-phase (w′′) AC susceptibilities of the sample were digitized and recorded.
In vitro cell labeling
MCF7 cells overexpressing Her-2 antigen (Bender Medsystems, Burlingame, CA, USA), designated MCF7/Her2-18, were kindly provided by Mien-chi Hung (Benz, 1992). MCF7/Her2-18 cells were harvested and washed using sterile PBS (Gibco-BRL). Each sample contained 8 Â 10 6 cells suspended in 200 ml of cold PBS to which 0.24 mg [Fe] of Her2 antibody-conjugated Ocean SHP-20 lot 8-30A nanoparticles were added. Cells and Her2-nanoparticles were incubated on ice with SQUID-relaxometry measurements (described below) taken at 1, 3, 5, 7, 9, 11, 13 and 15 min. For light microscopy, cytospin slides were prepared by adding 200 ml of albumin solution, from bovine serum (Sigma, St Louis, MO, USA) with 5 ml of cell/nanoparticle sample to a cytofunnel. The slides were then placed in the Shandon Cytospin 4 machine (Thermo Scientific Waltham, MA, USA) and centrifuged at 1100 g for 7 min. Slides were stained with Prussian Blue stain, which reveals the presence of iron. For Prussian blue stain, slides were then fixed by dipping five times in 0.01% sodium azide in 1 g l À1 xanthene dye (Siemens, Newark, DE, USA). Potassium ferrocyanide solution was prepared fresh with a 1:1 solution of 20% of HCL (EMD Chemicals Inc., Gibbstown, NJ, USA) and 10% potassium ferrocyanide (Sigma, St Louis, MO, USA). The potassium ferrocyanide solution was applied directly to the cell sample on the slide and incubated in the dark for 20 min. Brazilliant (Anatech Ltd, Battle Creek, MI, USA) was applied directly to the cell sample on the slide and incubated in the dark for 5 min. Following Prussian Blue or Diff-Quik (Siemens, Newark, DE, USA) staining, the slides were dipped in double-distilled water three times and allowed to dry.
The slides were then coverslipped with Cytoseal XYL (Richard-Allan Scientific, Kalamazoo, MI, USA).
After incubation with nanoparticles, the 8 million cells were washed with PBS (by centrifugation and removal of supernatant) to remove unbound particles, resuspended in PBS, and divided; 4 million cells were serially diluted (by factors of 2) with PBS to produce a series of eight samples (each 50 ml) with cell numbers ranging from 2 million down to 15 600 cells. Each 50 ml cell sample was subsequently mixed with 100 ml 1% low melting temperature agarose gel (SeaPlaque Agarose, Cambrex, Rockland, ME, USA) with a final concentration of 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) in a 5 mm NMR tube to produce a uniform concentration of labeled cells in a total volume of 150 ml for MR relaxivity and SQUID-detected magnetic relaxometry measurements.
SQUID-detected magnetic relaxometry
Detection of nanoparticles by relaxometry was performed using a BTi 2004 seven-channel low-temperature SQUID array (4D-Neuroimaging; San Diego, CA, USA) originally designed for magnetoencephalography. Second-order gradiometers with a baseline of 4.0 cm were used to reject background magnetic fields owing to distant sources, allowing the measurements to be performed without magnetic shielding. Owing to RF interference, the sensitivity of the sensors was limited to~10
À12 T √Hz
À1
. The seven gradiometer coils were located at the bottom of the liquid He dewar, arranged with six in a circle of 2.0 cm radius and one at the center. For in vitro measurements on small samples, the sample was located at a distance z % 3 cm below the bottom of the center gradiometer. The samples were uniformly magnetized (parallel to the center gradiometer axis) using a pair of 49 cmdiameter, 100-turn Helmholtz coils powered by a 5 kW currentregulated supply (Sorenson SGA 80/63). The current through the magnetizing coils was monitored by a Hall Effect transducer to ensure constant magnetic fields. The decaying magnetization was sampled at a rate of 8 kHz (beginning 40 ms after switching off the magnetizing pulse), digitized using a National Instruments PXI8336 16-channel digitizer, and acquired using software written in LabWindows ™ /CVI (National Instruments, Austin, TX, USA). Acquired data was decimated by a factor of 8 (down to 1 kHz) to improve signal-to-noise. Our standard measurement protocol was to apply a 4.9 mT field for 0.75 s and then acquire data for 2.215 s, with 10 repetitions at each sample position, subsequently averaged. Magnetization curves (M vs B) were obtained using the same apparatus and timing, by varying the applied field between 0 and 5.8 mT.
The data were analyzed using the Multi-Source Analysis program, a software package developed in our laboratory, also written in LabWindows ™ /CVI. After signal averaging and removal of 60 Hz line frequency contamination, background data (acquired when no magnetic source is present) was subtracted from the sample data. The seven relaxation curves were then fit with a logarithmic function (39) , in order to determine and remove the DC offset. Next, the first 200 ms of the recorded signal decay was fit with an exponential function to obtain the magnetic field amplitude. Finally, we obtained the location (x, y, z) and magnetic moment (M z ) of each source by modeling the sample as one or more discrete magnetic dipoles. The magnetic inverse problem was solved using the Levenberg-Marquardt algorithm to perform a nonlinear least-squares fit to the dipole model. Each magnetic dipole was assumed to be oriented along the z-axis, i.e. in the direction of the magnetizing field. Thus, for a sample containing N magnetic sources, there were 4 N parameters to be determined. This was accomplished by acquiring data at n different sample positions (equivalent to a sensor array with 7n elements) such that 7n ≥ 4 N.
To obtain the desired Néel relaxation, characteristic of bound nanoparticles (27) the particles must be immobilized. In the case of cell samples, the antibody-conjugated nanoparticles were immobilized by the binding of the antibodies attached to the nanoparticles to receptors on the cell surface. Alternatively, nanoparticles were immobilized by applying an aliquot of nanoparticle solution to a Q-tips cotton swab (Unilever, Trumball, CT, USA) and allowing it to dry in air.
In vitro MRI
MRI of in vitro samples was performed on a Bruker Biospin 4.7 T/40 cm MRI system. T 2 -weighted images of the sample bundle were acquired using the multi-slice multi-echo (MSME) sequence with TR = 3500 ms and TE = 14, 28 and 42 ms. To measure the longitudinal relaxivity (r 1 ), T 1 imaging of the sample bundle was performed using an inversion recovery (IR)-prepared FISP sequence with eight IR values ranging from 100 to 856 ms. To measure the transverse relaxivity (r 2 ), T 2 imaging was performed using the MSME sequence with 16 TE values ranging from 7.4 to 118.8 ms. The analysis of the resulting T 1 and T 2 image series was performed using built-in Bruker ParaVision software routines.
Imaging of mice by MRI and magnetic relaxometry
Athymic nude mice were obtained from Harlan Laboratories (Frederick, MD, USA). Mice were handled in accordance with a protocol approved by the Institutional Animal Care and Use Committee of the University of New Mexico. Four days prior to tumor cell injection, mice were implanted with a 17b-estradiol pellet (Innovative Research of America, Sarasota, FL, USA). Mice were injected with 2 Â 10 6 MCF-7/Her2-18 cells in Matrigel (BD Biosciences, USA) in each hind limb flank. Mice were monitored every other day and tumor growth was measured weekly.
For post-mortem imaging studies, mice were euthanized by an overdose of isoflurane (Phoenix Pharmaceutical Inc., St Joseph, MO, USA) followed by cervical dislocation immediately prior to nanoparticle injection and imaging. An aliquot containing 0.09 mg [Fe] of Her2 antibody-conjugated Ocean SHP-20 lot 8-30A nanoparticles was injected directly into each tumor. SQUIDdetected magnetic relaxometry imaging was then performed as described above, using two acquisitions at each of five sample stage positions, resulting in a total acquisition time of 5 min. Immediately following magnetic relaxometry imaging, mice were frozen and stored at À80
C. Subsequently, MR images of the same mice (post-mortem, room temperature) were obtained at 4.7 T using an Oxford horizontal bore magnet (Oxford Instruments, Oxfordshire, UK) and a Varian console (Agilent Technologies, Santa Clara, CA, USA). The pulse sequence was a T 2 -weighted multi-slice fast spin echo sequence (TR = 3000 ms, TE eff = 40 ms, number of experiments = 8, turbo factor = 8) requiring a total imaging time of 12.8 min. The in-plane resolution was 0.20 mm and the slice thickness was 2.0 mm.
For in vivo imaging studies, pre-contrast MRI was performed on a Bruker Biospin (Billerica, MA, USA) 4.7 T/40 cm MRI system. wileyonlinelibrary.com/journal/cmmi factor = 8, NA = 8, TR = 3500 ms and TE eff = 47 ms), resulting in a total acquisition time of 15 min. The slice thickness was 1.0 mm and the in-plane resolution was 0.15 mm (field of view = 3.84 cm). Isoflurane anesthesia was maintained throughout the MRI procedures. An aliquot containing 0.09 mg [Fe] Her2-conjugated Ocean SHP-20 lot 8-30A nanoparticles was then injected into each tumor, without removing the mouse from the MRI mouse holder. MR images were then obtained (15 min post-contrast) using the same sequence parameters and sample position. Immediately following the MRI procedures, the mouse was removed from anesthesia and transported to another facility for relaxometry imaging. Isoflurane anesthesia was reestablished, and SQUID-detected magnetic relaxometry imaging was performed (75 min post-contrast) as described above, using six sample stage positions (6 min imaging time). After the in vivo magnetic relaxometry imaging was completed, euthanasia was performed, and the tumors and liver were excised; their nanoparticle contents were then quantified individually by magnetic relaxometry. Co-registration of the magnetic relaxometry and MR images was performed as follows. First, the geometric factors in the magnetic relaxometry data analysis software (constants specifying the positions and angles of the seven second-order gradiometers) were calibrated using phantoms containing small nanoparticle sources located at known positions in the x, y and z directions. Next, the location of the origin of the centimeter grid affixed to the mouse platform was aligned with the origin (x = 0, y = 0) of the SQUID array using a small nanoparticle phantom (~1 mm sphere) affixed to the mouse platform. The mouse was then positioned so that a line bisecting the center of the tumors coincided with x = 0 line on the grid, and the line coinciding with the mouse's spine coincided with the y = 0 line on the grid, and a photograph was obtained. Thus the Cartesian coordinate system of the relaxometry image could be immediately co-registered with the photograph, which shows the centimeter grid. The MR images were scaled, using the known field of view in the x and y directions, to match the scale of the magnetic relaxometry image. Next, the line bisecting the tumors and the line coincident with the spine were manually marked on the MRI, and these axes were brought into coincidence with the x-and y-axes of the magnetic relaxometry image by rotation and translation of the MRI. The uncertainty in the co-registration is AE1 mm in each direction.
